Diabetic nephropathy (DN) is the most common cause of end-stage renal disease worldwide. Sodium-glucose-linked transporter 2 (SGLT2) inhibitors are a new and promising class of antidiabetic agents that target renal tubular glucose reabsorption. Their action is based on the blockage of SGLT2 sodiumglucose cotransporters that are located at the luminal membrane of tubular cells of the proximal convoluted tubule (PCT), inducing glucosuria. It has been proven that they significantly reduce glycated hemoglobin (HbA1c), along with fasting and postprandial plasma glucose in patients with type II diabetes mellitus (T2DM). Glomerular hyperfiltration is a potential risk factor for DN. The SGLT2 inhibitors reduce sodium reabsorption in the proximal tubule, causing, through tubuloglomerular feedback (TGF), afferent arteriole vasoconstriction and reduction in hyperfiltration. The SGLT2 inhibitors reduced glomerular hyperfiltration in patients with T1DM, and in patients with T2DM, they caused transient acute reductions in glomerular filtration rate (GFR), followed by a progressive recovery and stabilization of renal function. Interestingly, recent studies consistently demonstrated a reduction in albuminuria. Recently, it was demonstrated that empagliflozin presents a significant cardioprotective effect. Although the SGLT2 inhibitors' efficacy is affected by renal function, new data have been presented that some SGLT2 inhibitors, even in mild and moderate renal impairments, induce significant HbA1c reduction. Although these data are promising, only dedicated renal outcome trials will clarify whether SGLT2 inhibitors, in addition to their glycemic and blood pressure (BP) benefits, may provide nephroprotective effects.
INTRODUCTION
Diabetes is one of the major health problems worldwide, with a prevalence that is expected to reach more than 550 million patients by 2030. 1 Also, it is one of the leading causes of renal disease resulting in a very high prevalence among dialysis patients. 2 It is estimated that approximately one-third of patients with T2DM have some degree of renal impairment 3 and that chronic kidney disease (CKD) is detectable in an important part of diabetic patients. 4 
ROLE OF THE KIDNEY IN GLUCOSE HOMEOSTASIS
Despite wide fluctuations in the daily supply of glucose and the body's demand for it, homeostatic mechanisms maintain plasma glucose levels within a narrow range, with average levels of ~90 to 100 mg/dL in a 24-hour period.
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The kidney's crucial role in maintaining glucose balance was first described as early as 1938. 17 Along with the liver, the kidney supplies glucose during periods of fasting. The renal contribution to gluconeogenesis is ~15 to 55 gm/day, or 20 to 25% of the glucose released into the circulation after an overnight fast. 7, 8 The reabsorption of glucose filtered into the glomerular filtrate is the primary mechanism by which the kidney influences glucose homeostasis. 8 Glucose excretion in urine is the net difference between the amount of glucose filtered by the kidney and the amount reabsorbed. In healthy individuals, the kidney contributes significantly to glucose homeostasis by reabsorbing essentially all of the ~180 gm of glucose that it filters per day. 9 Individuals without diabetes thus have very little or no glucose present in the urine. Reabsorption occurs in the PCT and is carried out by two isoforms of SGLT. 20 The SGLT2 is located in the S1
and S2 segments of the PCT and has a high capacity but low affinity for glucose transport. In healthy individuals, it reabsorbs ~90% of filtered glucose (Fig. 1) . 20 The SGLT1 governs glucose transport in the S3 segment and is a lowcapacity, high-affinity glucose transporter (GLUT) that reabsorbs the remaining 10% of the filtered glucose. 10 The active transport of glucose is linked to downhill sodium transport, which is maintained by active extrusion of sodium across the basolateral surface into the intracellular fluid (Fig. 2) . 10 Facilitated GLUTs carry glucose across the basolateral membrane by facilitated diffusion. 10 Glucose reabsorption in the PCT increases with rising plasma glucose levels until the transport maximum for glucose (Tmax) is reached. The Tmax is usually considered to occur at a GFR of 260 to 350 mg/min/1.73 m 2 .
The renal glucose threshold (RTG) is the plasma glucose concentration above which the SGLT capacity becomes saturated and urinary glucose excretion (UGE) occurs. It is estimated to occur at a plasma glucose concentration of ~200 mg/dL (Fig. 3 ).

Renal Hemodynamic Effect of Sodium-Glucose Cotransporter 2 Inhibition in Patients with T1DM
Hyperfiltration is an early renal hemodynamic abnormality in experimental models of diabetes and is thought to reflect increased intraglomerular pressure. [11] [12] [13] In humans, the prevalence of renal hyperfiltration in subjects with T1DM has been reported to be as high as 60%, and this condition is accompanied by a significantly increased risk for development of DN in many studies. [14] [15] [16] The pathogenesis of hyperfiltration, however, is complex and involves changes in both neurohormonal/vascular factors (the vascular hypothesis) as well as TGF mechanisms (the tubular hypothesis). The tubular hypothesis is based on an increase in proximal tubular glucose delivery attributable to chronic hyperglycemia in DM. This leads to a maladaptive increase in glucose reabsorption along with sodium via the sodium-glucose cotransporter 2 (SGLT2) in the Figs 3A to C: Postulated TGF mechanisms in normal physiology, early stages of DN, and after sodium-glucose cotransporter (SGLT2) inhibition. (A) Under physiological conditions, TGF signaling maintains stable GFR by modulation of preglomerular arteriole tone. In cases of conditional increases in GFR, the macula densa within the juxtaglomerular apparatus senses an increase in distal tubular sodium delivery and adjusts GFR via TGF accordingly. (B) Under chronic hyperglycemic conditions (DM), increased proximal SGLT2-mediated reabsorption of sodium (Na + ) and glucose impairs this feedback mechanism. Thus, despite increased GFR, the macula densa is exposed to lowered sodium concentrations. This impairment of TGF signaling likely leads to inadequate arteriole tone and increased renal perfusion. (C) The SGLT2 inhibition with empagliflozin treatment blocks proximal tubule glucose and sodium reabsorption, which leads to increased sodium delivery to the macula densa. This condition restores TGF via appropriate modulation of arteriolar tone (e.g., afferent vasoconstriction), which, in turn, reduces renal plasma flow and hyperfiltration A B C proximal tubule. As a result, distal sodium chloride delivery to the macular densa is decreased.
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This distal tubular condition is sensed as a low effective circulating volume stimulus at the level of the juxtaglomerular apparatus, causing an afferent renal vasodilatory response. The consequence of this altered TGF results in supranormal GFR values into the hyperfiltration range. Targeting TGF in renal hyperfiltration has shown promising results in experimental animal models by using phlorizin, a nonspecific inhibitor of the renal tubular GLUTs SGLT1 and SGLT2. 17, 18 The clinical relevance of these findings, however, could not be conclusively studied in humans, because of the poor tolerability of phlorizin resulting from its low selectivity for SGLT2, SGLT1 inhibition-related gastrointestinal side effects, and very limited oral bioavailability. 18 Subsequent studies with selective SGLT2 inhibitors in animals have also shown similar significant effects on renal hyperfiltration.
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First SGLT2 Inhibitors
The first SGLT2 inhibitor, known as phlorizin, was isolated from the bark of the apple tree in 1835 and was used firstly as an antipyretic. The glucosuric effect of phlorizin was discovered only 50 years later and its mechanism of action was found to be localized at the PCT in the 1970s. 20 Animal studies on phlorizin demonstrated normalization of both fasting and postprandial plasma glucose concentrations in diabetic rats, improvement in peripheral insulin sensitivity, improvement in insulin secretion, and decline of elevated plasma glucagon levels in diabetic dogs. Due to poor oral bioavailability (15%), low SGLT2 selectivity, and gastrointestinal side effects from SGLT1 inhibition, phlorizin failed to progress to use in humans. Nevertheless, its beneficial effects on diabetic patients triggered research on other agents that inhibit SGLT2 transporters. 20 
Efficacy of SGLT2 Inhibitors on Glycemic Control
In human studies, it has also been reported that canagliflozin lowers the RTG in diabetic patients from 240 mg/dL (in normal individuals this value is 180 mg/dL) to approximately 80 to 90 mg/dL. Additionally, a significant HbA1c reduction has been exhibited in diabetic patients treated with dapagliflozin, canagliflozin, empagliflozin, and tofogliflozin. Furthermore, treatment with ipragliflozin for 12 weeks induced a dose-dependent decrease in HbA1c from −0.49 to −0.81%. Administration of dapagliflozin produces glucosuria-related urinary calorie loss (200-300 calories/day). 21 In addition, inhibition of renal glucose reabsorption from empagliflozin ranged from 13.1 to 49.6% with single doses from 1 to 100 mg and the amount of glucose excreted in the urine within the first 24 hours after empagliflozin administration ranged from 19.6 gm for a 1 mg dose to 74.3 gm for a 100 mg dose. The UGE in ipragliflozin-treated patients was dose-dependent and reached approximately a maximum of 59 gm glucose. Dapagliflozin significantly decreases both fasting plasma glucose (FPG) and postprandial glucose levels.
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Additional Beneficial Effects of SGLT2 Inhibitors
Body weight exhibited significant reduction with dapagliflozin, canagliflozin, and tofogliflozin. With ipragliflozin, body weight decreased up to 1.7 kg in 12 weeks. Also, in patients treated with dapagliflozin and tofogliflozin, a significant waist circumference reduction was observed. It has been suggested that body weight decrease may be attributed to visceral fat tissue lipolysis and enhanced lipid metabolism.
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Mean systolic and diastolic BP were found to be lower in patients treated with dapagliflozin, possibly because of osmotic diuresis and volume reduction, or canagliflozin. 23 The SGLT2 inhibitors also demonstrated beneficial effects on the lipidemic profile of T2DM patients. Highdensity lipoprotein cholesterol significantly increased with canagliflozin and triglycerides presented a small reduction, although only one trial reached significance. The β-cell function and homeostatic model assessment 2B improved in patients treated with canagliflozin. It was shown that SGLT2 inhibitors evoked beneficial effect on β-cell mass and retarded the loss of β-cells in T2DM, possibly by lowering glucose toxicity (Table 1) .
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MAIN ADVERSE EFFECTS
According to the existing clinical studies, the most common side effects of SGLT2 inhibitors are the increased incidence of genital infections (GIs) and urinary tract infections (UTIs) that could be attributed to the glucosuric effect of these agents.
Due to their mechanism of action, SGLT2 inhibitors have a very low risk of hypoglycemia. The reported hypoglycemic episodes were mild-to-moderate in severity. Other side effects that can be observed with SGLT2 inhibitors are polyuria and thirst, which can be assigned to osmotic diuresis due to the glucosuric effect of SGLT2 inhibitors.
Hyperketonemia and ketonuria were also observed, as a result of increased lipolysis and mobilization of lipids and free fatty acids. It was recently described that the potential mechanisms that may be responsible for ketoacidosis in patients treated with SGLT2 inhibitors include lower insulin and higher glucagon levels that lead to increased lipolysis and ketogenesis and potentially increased renal tubular reabsorption of ketones.
According to the new drug application for dapagliflozin, which was submitted to the US Food and Drug Administration in 2011, a numerical imbalance was observed in bladder and breast cancer cases between treatment groups: 9 out of 5,478 patients on dapagliflozin and 1 out of 3,156 patients in the control group reported bladder cancer in the pooled dapagliflozin studies and nine patients on dapagliflozin and one in the control group reported breast cancer. A post hoc pooled analysis of dapagliflozin clinical trials was published recently that confirmed the numerical imbalance of bladder cancer cases. It was reported in the same study that none of the preclinical studies indicated that dapagliflozin is carcinogenic.
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SODIUM-GLUCOSE-LINKED TRANSPORTER 2 INHIBITORS IN CKD
Glucose-lowering Efficacy of SGLT2 Inhibitors in Patients with CKD
Data regarding the efficacy and safety of SGLT2 inhibitors in patients with T2DM and CKD present a special interest, given that renal failure is a common complication of T2DM, and UGE is related to GFR and blood glucose levels. According to a dapagliflozin study on diabetic patients with CKD, decreasing GFR restrains the ability of dapagliflozin to inhibit tubular glucose reabsorption. 20 In another study on T2DM patients with stage 3 CKD (30 ≤ GFR ≤ 60 mL/min), the administration of dapagliflozin resulted in a 50% lower UGE than in T2DM patients with normal or mildly impaired renal function. Although the use of dapagliflozin in patients with GFR between 45 and 59 mL/min resulted in a modest decrease in FPG and in HbA1c, there was no significant reduction of these parameters in patients with more advanced CKD. Although dapagliflozin-treated patients with CKD did not achieve a glycemic benefit, they presented a significant weight improvement. Finally, it was demonstrated that dapagliflozin administration lowered albumin excretion in CKD patients compared with placebo. 20 For patients with estimated GFR (eGFR) 30 to 60 mL/min/1.73 m 2 , empagliflozin 25 mg also significantly reduced HbA1c compared with placebo over 24 weeks. Empagliflozin 25 mg decreased body weight and both systolic and diastolic BP. In this study, empagliflozin was also tested in patients with stages 2 and 4 CKD. Not surprisingly, empagliflozin was more efficacious in reducing HbA1c in patients with stage 2 than stage 3 CKD, while it was ineffective in patients with stage 4 CKD. Thus, these studies demonstrate that in patients with eGFR of 30 to 60 mL/min/1.73 m 2 , the efficacy of SGLT2 inhibitors in reducing HbA1c is less than in patients with preserved GFR. Moreover, in patients with eGFR, 45 mL/min/1.73 m 2 , SGLT2 inhibitors did not lower HbA1c, and for this reason, discontinuation is recommended when this level of renal insufficiency is reached. 
Sodium-glucose-linked transporter 2 Inhibitors and Renal Function in Clinical Studies
The changes in GFR during SGLT2 inhibition are similar in patients with normal renal function and in those with CKD. The time course of changes in renal function is typically characterized by a rapid decline in GFR during the first weeks of treatment, followed by a progressive recovery that is faster and more evident in patients with normal renal function at baseline. Studies performed in patients with moderate renal impairment [25] [26] [27] demonstrated significant renal effects; thus, treatment with dapagliflozin (104 weeks), 21 canagliflozin (26 weeks), 26 and empagliflozin (52 weeks) 27 resulted in an initial decrease in eGFR with a trend toward an increase over time (Figs 2 and 3 ). In patients with CKD stage 3, after 1 week of treatment, there was a reduction in eGFR 21 with a progressive recovery of GFR during the following weeks (Fig. 2) . In a study where patients with eGFR of 30 to 50 mL/min/1.73 m 2 were randomized to canagliflozin or placebo for 26 weeks, 26 a similar eGFR course was observed Finally, in CKD stage 3, patients treatment with empagliflozin 25 mg had reduced eGFR by 4 mL/min at 12 weeks, with a slight recovery at 52 weeks. Interestingly, after drug discontinuation, GFR returned to the baseline values, suggesting that the decrease in GFR during treatment is hemodynamic and not consequent of renal injury. 27 In addition to the effects on GFR, SGLT2 inhibitors also influence albuminuria. Progression of albuminuria occurred less frequently among participants assigned to canagliflozin than among those assigned to placebo (89.4 vs 128.7 participants with an event per 1,000 patientyears), corresponding to a hazard ratio of 0.73 [95% confidence interval (CI), 0.67-0.79] ( Figs 3 and 4) ; the effects were greater in CANVAS-R (hazard ratio, 0.64; 95% CI, 0.57-0.73) than in CANVAS (hazard ratio, 0.80; 95% CI, 0.72-0.90) (p = 0.02 for homogeneity). Regression of albuminuria also occurred more frequently among those assigned to canagliflozin than among those assigned to placebo (293.4 vs 187.5 participants with regression per 1,000 patient-years; hazard ratio, 1.70; 95% CI, 1.51-1.91). The composite outcome of sustained 40% reduction in eGFR, the need for renal replacement therapy, or death from renal causes occurred less frequently among participants in the canagliflozin group than among those in the placebo group (5.5 vs 9.0 participants with the outcome per 1,000 patient-years, corresponding to a hazard ratio of 0.60; 95% CI, 0.47-0.77) ( Figs 3 and 4) ; no significant difference in this outcome was seen between CANVAS and CANVAS-R. 28 The EMPA-REG OUTCOME trial analyzes the secondary renal outcomes. Compared with those receiving placebo, patients receiving empagliflozin experienced a 39% reduction in the risk of new or worsening nephropathy (defined as a UACR 300 mg/gm, doubling of serum creatinine with an eGFR of 45 mL/min/1.73 m 2 or less, initiation of renal replacement therapy, or death due to renal disease). When the composite outcome of doubling of serum creatinine, initiation of renal replacement therapy, or death due to renal disease was considered, the relative risk reduction in the empagliflozin group was even more pronounced (46%). These data provide a strong support for a nephroprotective effect of SGLT2 inhibitors.
CONCLUSION
It is the first time in diabetes history that the kidneys have been used as a therapeutic target. The SGLT2 inhibitors, this new class of antidiabetic agents, via glucosuria induction, significantly decrease HbA1c and FPG levels. Given that these agents do not interfere with insulin secretion and action, β-cell progressive failure does not attenuate their efficacy. Nevertheless, as the glucosuric effect depends on renal function, the efficacy of these agents decreases along with the stages of renal impairment. The SGLT2 inhibition also provides a significant beneficial effect on body weight and BP reduction due to calorie loss and osmotic diuresis from glucosuria.
Being a new kid on the block, large randomized controlled trials (RCTs) are necessary to investigate the longterm effects of SGLT2 inhibitors on renoprotection and cardiovascular safety in diabetic kidney disease patients.
The current RCT evidence showed that SGLT2 inhibitors increase the risk of GIs, and the effects may differ among SGLT2 inhibitors and trials with different follow-up. The impact of SGLT2 inhibitors on the risk of UTIs remains uncertain; the upcoming major trials may provide important insights on this issue. When their results are available, an updated meta-analysis is warranted.
Since even more agents of this new class are completing their clinical programs and reaching market authorization, our antidiabetic armamentarium is now equipped with more promising and effective weapons in the fight against diabetes.
